after RNAPII passage. One of these enzymes, Set2, is a histone H3 Lys36 (H3K36) methyltransferase. Interestingly, this histone modification is enriched in the gene bodies of actively transcribed genes, but Set2 and Lys36 methylation are repressive to transcription 3 . Previous studies identified an interaction between Set2 and the phosphorylated C-terminal domain of elongating RNAPII which elucidated how Set2 deposits H3K36 methylation cotranscriptionally throughout gene coding regions [4] [5] [6] [7] (Fig. 1a) . The puzzling link between Set2-mediated methylation and transcriptional repression was subsequently clarified by elegant biochemical experiments demonstrating that the chromodomain of Eaf3, a component of the Rpd3C(S) histone deacetylase (HDAC) and density must be preserved to prevent inappropriate engagement of the polymerase at sites other than the gene promoter and to preserve the overall integrity of the transcription template for the next round of initiation.
The steps that mediate chromatin disruption, transcription elongation and chromatin resetting are turning out to be every bit as orchestrated as events in transcription initiation, requiring the cooperation of several different histone-and chromatin-modifying activities. Smolle et al. 2 and Venkatesh et al. 1 made beautiful use of the Saccharomyces cerevisiae model system to define mechanisms that guide these steps, and particularly the enzymes and other proteins involved in modifying chromatin structure before, during and
The process of gene transcription involves a series of highly orchestrated events, each of which provides a potential mode of regulation to assure that transcription occurs only when and where it should. For many years, regulation of gene expression was thought to occur primarily at the level of transcription initiation. However, transcription elongation has emerged more recently as another important point of gene regulation, and two recent papers, by Venkatesh et al. 1 and Smolle et al. 2 (both from the Workman group), published in Nature and in this issue of Nature Structural & Molecular Biology, provide important new insights into this process.
Nucleosomes generally act as barriers to transcription, largely by hampering recruitment or movement of RNA polymerase II (RNAPII) and the associated transcription machinery. At least two mechanisms help to overcome such challenges during transcription elongation. First, nucleosomes can be evicted or repositioned by ATP-dependent chromatin remodelers to allow passage of RNAPII. Alternatively, or in conjunction with active remodeling, post-translational modifications of histone proteins can directly alter chromatin compaction and can regulate recruitment of additional factors that facilitate transcription. Importantly, chromatin must also be 'reset' in the wake of the polymerase in order to prevent production of cryptic transcripts from within the gene body that might interfere with expression of the fulllength gene product. Nucleosome stability Chromatin 'resetting' during transcription elongation: a central role for methylated H3K36
Jill S Butler & Sharon Y R Dent
A number of events must occur to preserve the integrity of the chromatin template during gene transcription. A study in this issue reveals a novel mechanism whereby chromatin remodelers are recruited to histone modifications within gene bodies to prevent aberrant histone exchange during transcriptional elongation. of a full-length gene product. Remarkably, the methylation status of a single histone residue, H3K36, is central to these mechanisms, as at least two distinct effector molecules are recruited to this mark to initiate individual programs that result in the same biological outcome-maintenance of low levels of histone acetylation over ORFs (Fig. 1c,e) . The following questions remain to be answered. When are each of these mechanisms used? Do they occur independently or cooperatively?
The major machinery and histone modifications driving these mechanisms are conserved in eukaryotes. It will be interesting to learn whether the interplay of the components defined by these two studies in yeast is conserved in higher eukaryotes. The emergence of noncoding RNA molecules as significant regulators of the mammalian transcriptome (reviewed in ref. 21 ) highlights the importance of understanding how transcripts originating from within protein-coding genes are regulated. Moreover, defining mechanisms that restore the integrity of the chromatin template through multiple rounds of transcription will be particularly important to delineating complex human conditions associated with genomic instability such as cancer and aging.
methylation, then, safeguard the transcription process, both by limiting inappropriate incorporation of acetylated histones and by recruiting the Rpd3 HDAC to remove any acetylation that does occur. Increased Asf1 expression and H3K56 acetylation levels are observed in several different tumor types, suggesting that the propagation of this mark is tightly controlled to ensure appropriate cell division in higher eukaryotes 18 . The findings presented by Venkatesh et al. 1 reaffirm the notion that failure to maintain appropriate levels of histone H3K56 acetylation results in disruption of cellular processes, particularly transcriptional elongation. In Smolle et al. 2 , Workman and colleagues went on to further define the mechanism by which Set2 and histone H3K36 methylation inhibit the incorporation of new histones in the wake of RNAPII passage. Smolle et al. report in this issue that two chromatin remodelers, Isw1 and Chd1, function in the same pathway as Set2 to suppress the production of intragenic cryptic transcripts (Fig. 1e) . Methylated H3K36 serves as a docking site for a PWWP domain within the Ioc4 subunit of the Isw1b complex and recruits the complex to coding regions. Even though Chd1 does not preferentially bind nucleosomes methylated at H3K36 (ref. 12), this remodeler is recruited to gene bodies through interactions with RNAPII and other components of the elongation machinery 19, 20 . Subsequently, Isw1b and Chd1 function together to inhibit transhistone exchange and prevent the incorporation of acetylated histones over ORFs, thereby effectively suppressing cryptic transcription from intragenic sites. Furthermore, Smolle et al. 2 propose that the localization of Isw1b and Chd1 to actively transcribed coding regions likely promotes the reassembly and proper spacing of nucleosomes following the passage of RNAPII.
These results put forward by Smolle et al. 2 and Venkatesh et al. 1 address one of the longest-standing questions in the transcription field: given that RNAPII itself has very little, if any, sequence specificity, how is RNAPII action restricted to bona fide promoters? Findings here indicate that, in addition to general transcription factors that help direct RNAPII to genuine promoters, other factors harness the repressive power of chromatin to 'hide' cryptic promoters.
It has become clear that several distinct yet potentially overlapping mechanisms are in place to direct chromatin 'resetting' during transcript elongation, ensuring transcription complex, binds to methylated H3K36 (refs. 8-10) . Histone deacetylation has long been associated with inhibition of transcription by promoting chromatin compaction. Accordingly, the Set2-dependent interaction of Eaf3 and H3K36 inhibits aberrant transcription initiation from cryptic, intragenic promoters [8] [9] [10] [11] [12] (Fig. 1b,c) . Interestingly, Eaf3 is also a component of the NuA4 histone acetyltransferase (HAT) complex, which is recruited to promoters by H3K4 methyltransferases 13 , suggesting that a balance of HAT and HDAC activity at transcribed genes is likely achieved through regulation of H3K4 and H3K36 methylation 8, 9 .
The above studies raise at least two interesting questions. How important is histone deacetylation by Rpd3 in preventing initiation of cryptic transcripts, and which HATs are responsible for laying down acetylation marks within the bodies of transcribed genes? In the course of addressing these questions, Smolle et al. 2 and Venkatesh et al. 1 have now discovered yet another level of Set2-mediated transcriptional regulation that prevents inappropriate histone exchange over transcribed genes. Histones are deposited onto DNA mostly at the time of replication. However, replication-independent histone exchange can occur at actively transcribed genes, and this process has been suggested to provide a mechanism by which collections of preexisting histone modifications might be simultaneously erased. Using an established in vivo system to monitor histone exchange 14 , Venkatesh et al. 1 have now demon strated that incorporation of new histones occurs more readily over open reading frames (ORFs) in the absence of Set2. Furthermore, acetylation events specific to newly incorporated histones increase toward the 3′ ends of ORFs, suggesting that histone exchange provides a mechanism for introducing acetylation into actively transcribed gene bodies.
Several factors regulate the eviction and replacement of nucleosomal histones during transcription elongation, including histone chaperones, differential acetylation of newly incorporated and pre-existing histones, and the rate of transcription (reviewed in refs. [15] [16] [17] . The findings by Venkatesh et al. 1 link these modes of regulation, as they demonstrate that H3K36 methylation, mediated by Set2, inhibits the association of the Asf1 histone chaperone with histone H3, thereby blocking histone exchange and reducing incorporation of histone H3 acetylated at Lys56 over ORFs (Fig. 1d) . Set2 and H3K36 n e w s a n d v i e w s npg
